There is increasing evidence that an augmented state of cellular oxidative stress modulates the expression of stress genes implicated in diseases associated with health disparities such as certain cancers and diabetes. Lens epithelium -derived growth factor p75 (LEDGF/ p75), also known as DFS70 autoantigen, is emerging as a survival oncoprotein that promotes resistance to oxidative stress -induced cell death and chemotherapy. We previously showed that LEDGF/p75 is targeted by autoantibodies in prostate cancer patients and is overexpressed in prostate tumors, and that its stress survival activity is abrogated during apoptosis. LEDGF/ p75 has a COOH-terminally truncated splice variant, p52, whose role in stress survival and apoptosis has not been thoroughly investigated. We observed unbalanced expression of these proteins in a panel of tumor cell lines, with LEDGF/p75 generally expressed at higher levels. During apoptosis, caspase-3 cleaved p52 to generate a p38 fragment that lacked the NH 2 -terminal PWWP domain and failed to transactivate the Hsp27 promoter in reporter assays. However, p38 retained chromatin association properties and repressed the transactivation potential of LEDGF/p75. Overexpression of p52 or its variants with truncated PWWP domains in several tumor cell lines induced apoptosis, an activity that was linked to the presence of an intron-derived COOH-terminal sequence. These results implicate the PWWP domain of p52 in transcription function but not in chromatin association and proapoptotic activities. Consistent with their unbalanced expression in tumor cells, LEDGF/p75 and p52 seem to play antagonistic roles in the cellular stress response and could serve as targets for novel antitumor therapies.
Introduction
Emerging evidence links the augmented state of cellular oxidative stress with the pathogenesis of diseases associated with health disparities, including cancer and type II diabetes (1) (2) (3) . Oxidative stress -modulated signaling pathways have been implicated in cancer development and resistance to therapy and may offer attractive targets for therapeutic interventions (4) (5) (6) . The lens epithelium -derived growth factor p75 (LEDGF/p75), also known as transcription coactivator p75 (TCP75), PC4 and SFRS1 interacting protein (PSIP), and dense fine speckled autoantigen of 70 kDa (DFS70), is emerging as a key player in the cellular response to oxidative stress (7) (8) (9) (10) (11) (12) . LEDGF/p75 is induced by oxidative stress and is presumed to promote resistance to stress-induced cell death via transcriptional activation of stress and antioxidant genes (8, 9, (13) (14) (15) (16) . LEDGF/p75 has also been identified as a target of autoantibodies in various autoimmune and inflammatory conditions (17) (18) (19) and has emerged as an important cellular cofactor for the chromosomal tethering of HIV-1 (20) (21) (22) (23) (24) .
A role for LEDGF/p75 in malignancy was first hinted by its homology to members of the hepatoma-derived growth factor family (25) and the observation that chromosomal translocations in leukemias may result in LEDGF/NUP98 fusion proteins with potentially altered transcription functions (26) (27) (28) (29) . We reported that overexpression of LEDGF/p75 in HepG2 liver tumor cells enhanced their proliferation and protected them from stress-induced death (30) . We also identified LEDGF/p75 as an autoantigen in prostate cancer whose expression is elevated in advanced stage tumors, most likely as a result of the augmented state of cellular oxidative stress in the prostate tumor microenvironment (31) . More recently, Daugaard et al. (32) reported that LEDGF/p75 increases the tumorigenic potential of human cancer cell lines in murine models, and that its expression is increased in human breast and bladder carcinomas. These investigators also provided evidence that overexpression of LEDGF/p75 in HeLa and MCF-7 cells increases chemoresistance. Furthermore, Huang et al. (33) reported increased LEDGF/p75 expression in blasts from chemotherapy-resistant human acute myelocytic leukemia patients.
LEDGF/p75 is composed of 530 amino acids and has an alternative splice variant designated LEDGF/p52 (333 amino acids; hereafter called p52), which also functions as a transcription coactivator of RNA polymerase II and has been implicated in coupling general transcription with mRNA splicing (10, 34, 35) . These splice variants share NH 2 -terminal amino acids 1 to 325; however, p52 has a unique intron-derived COOH-terminal tail (amino acids 326-333; refs. 10, 34) . The NH 2 terminus of both proteins contains a PWWP domain (amino acids 1-93), a highly conserved entity implicated in DNA binding, transcriptional repression, and methylation (30, (36) (37) (38) (39) (40) . The NH 2 terminus also has three charged domains, a nuclear localization signal and two AT-hook sequences, all important for DNA binding (41, 42) . The COOH terminus of LEDGF/p75 has a domain (amino acids 347-429) that shares sequence homology with hepatoma-derived growth factorrelated protein 2, and encompasses both the HIV-1 integrase binding domain and the autoepitope recognized by human anti-LEDGF/p75 autoantibodies (30, (43) (44) (45) . Both the NH 2 -and COOH-terminal domains of LEDGF/p75 contribute to its transcription and stress survival functions (30, 33, 46) .
Alternative splicing of genes involved in cell death and survival often generates protein isoforms that differ in their domain structure and have antagonistic functions, thus providing regulatory networks that determine the cell fate in response to survival or stress signals (47, 48) . Another mechanism for generating protein diversity is the caspasemediated removal of structural domains in proteins involved in key cellular functions, resulting in the generation of cleavage fragments with dominant-interfering functions that suppress survival pathways and amplify cell death (49) . We report here that during apoptosis, caspase-3 removes the PWWP domain of p52 to generate a p38 fragment that interferes with the transactivation potential of LEDGF/p75. Disruption of this domain inhibits the transcriptional function of p52 but not its interaction with chromatin. We also observed that transient overexpression of p52 in various tumor cell lines induced apoptosis, and that this activity was independent of the PWWP domain. These studies provide initial clues for a mechanistic understanding of how alternative splicing and caspase-mediated cleavage of LEDGF modulate tumor cell survival and death under stress.
Results

Unbalanced Intracellular Expression of LEDGF/p75 and p52
Elevated LEDGF/p75 protein levels have been detected in various cancer cell lines (31) (32) (33) ; however, the relative protein expression levels of LEDGF/p75 and p52 in tumor cells have not been analyzed. Immunoblotting analysis with a monoclonal antibody directed against the common NH 2 -terminal domain revealed unbalanced expression of these splice isoforms in various tumor and nontumor cell lines, with p52 protein levels generally lower than those of LEDGF/p75 (Fig. 1) . The highest p52 levels were observed in the HCT116, U2OS, and 22Rv1 cell lines, which also had relatively high LEDGF/p75 expression. Cell lines with relatively low LEDGF/p75 expression (e.g., HepG2, PrEC, and PrSC) displayed negligible p52 protein levels.
LEDGF/p52 Is Cleaved by Effector Caspases at the PWWP Domain
We previously showed that caspase-3 disrupts the NH 2 -terminal PWWP and COOH-terminal domains of LEDGF/p75, abrogating its ability to protect against stress-induced cell death (30) . Because LEDGF/p75 and p52 share identical PWWP domains, we hypothesized that the cellular functions of p52 may also be modulated by caspases during apoptosis. Cleavage of p52 into a 38-kDa fragment (hereafter called p38) was detected in various human tumor cell lines undergoing apoptosis ( Fig. 2A and B) and coincided with increased caspase-3/7 activity (Fig. 2C) . The caspase dependency of this cleavage was confirmed by its inhibition with the pan-caspase inhibitor benzylozycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VADfmk) and the caspase-3/7 inhibitor benzylozycarbonyl-AspGlu-Val-Asp-fluoromethylketone (z-DEVD-fmk; Fig. 2D ).
To investigate the mechanism of apoptotic p52 cleavage, in vitro translated p52 fused to a hemagglutinin (HA) tag was incubated with individual recombinant caspases. Caspase-3 and caspase-7, but not caspase-6, caspase-8, and caspase-9, cleaved HA-p52 into p48 and p38 fragments, although caspase-7 seemed to be less efficient in generating p38 (Fig. 3A) . LEDGF/p75, which we previously established as a substrate of caspase-3 and caspase-7 but not of caspase-6 (28), was used in control experiments (Fig. 3A) . Caspase activity assays indicated that each recombinant caspase was active (data not shown). Caspase-3 cleaved HA-p52 sequentially into p48 and p38 in a dose-and time-dependent manner (Fig. 3B) . The p48 fragment could be distinguished from HA-p52 in vitro but was not consistently resolved from endogenous p52 in apoptotic cells (Fig. 2) . Based on the known caspase cleavage sites in the PWWP domain of LEDGF/p75 (30), we identified two candidate cleavage sites in the p52 PWWP domain, DEVPD 30 and WEID
85
, which would generate p48 and p38 (Fig. 3C ). To map these sites, we substituted aspartic acids at positions 30 and 85 in HA-p52 with alanines to generate partial caspase-resistant mutants, HA-DEVPA and HA-WEIA, and a complete caspase-resistant double mutant, HA-DM. The mutations were confirmed by DNA sequencing. In vitro cleavage of HA-DEVPA by caspase-3 generated p38, consistent with cleavage at the available WEID 85 site. Cleavage of HA-WEIA generated p48, consistent with cleavage at the available DEVPD 30 site (Fig. 3D) . Incubation of HA-DM with caspase-3 failed to generate p48 and p38, consistent with blockade of both cleavage sites. For further exploration of the cleavage sites and subsequent experiments, we generated HA-tagged truncated variants of p52 corresponding to p48 and p38 by deleting amino acids 1 to 30 (HA-DN30) and 1 to 85 (HA-DN85), respectively. The deletions were confirmed by DNA sequencing. In vitro translated HA-p52 migrated slightly slower than endogenous p52 due to the presence of the tag (Fig. 3E, compare lanes 1  and 3) ; however, its cleavage by caspase-3 generated the p48 and p38 fragments (Fig. 3E, compare lanes 2 and 4) . In vitro translated HA-DN30 and HA-DN85 also displayed slightly slower electrophoretic migration than their corresponding cleavage fragments p48 and p38 (Fig. 3E , compare lane 4 with lanes 5 and 7). However, incubation of HA-DN30 with caspase-3 generated fragments that corresponded to p48 and p38 (Fig. 3E , compare lanes 4 and 6), suggesting that this protease cleaved the HA tag to produce p48 and then removed most of the PWWP domain to produce p38. Likewise, incubation of HA-DN85 with caspase-3 generated a slightly faster migrating fragment corresponding to p38 (Fig. 3E , compare lanes 4 and 8), again consistent with cleavage of the HA tag. A parallel experiment in which the blots were incubated with an anti-HA antibody revealed loss of HA tag immunoreactivity in the HA-tagged proteins incubated with caspase-3 (Fig. 3F) .
Disruption of the PWWP Domain Abrogates p52 Transactivation Potential
Based on previous observations that the NH 2 terminus of LEDGF/p75 (amino acids 1-187) transactivates the Hsp27 promoter (Hsp27pr) by binding to stress-response elements (STRE) present in this promoter (46), we predicted that p52 would also transactivate this promoter in transient transfection assays with a luciferase (Luc) reporter construct. This system was used to examine the effect of caspase-mediated disruption of the PWWP domain on p52 transactivation potential. A schematic representation of the p52 constructs used in the reporter assays is depicted in Fig. 4A . The electrophoretic migration of the in vitro translated constructs is shown in Fig. 4B . Colorectal carcinoma HCT116 cells were transiently cotransfected with the pGL3 basic plasmid, with or without a proximal Hsp27pr, and effector pCruz plasmids encoding HA-LEDGF/p75 or HA-p52. Both fusion proteins showed significant induction of Luc activity (P < 0.05) as well as comparable expression levels (Fig. 4C) . Similar results were obtained in U2OS osteosarcoma cells (data not shown). The induction of endogenous Hsp27 mRNA by ectopically expressed HA-LEDGFp75 and HA-p52 was confirmed by reverse transcription-PCR (Fig. 4D) .
Next, we analyzed the transactivation potential of the cleavage fragments (p48/HA-DN30 and p38/HA-DN85) and the caspase-resistant mutants (HA-DEVPA, HA-WEIA, and HA-DM). P48/HA-DN30 and p38/HA-DN85 did not increase Hsp27pr-Luc activity above the basal level observed in empty pCruz vector -transfected cells, whereas the caspase-resistant mutants (all of which had an intact PWWP domain) were as effective as HA-p52 in transactivating the promoter (Fig. 4E) . Other PWWP deletion constructs of p52 (i.e., HA-DN18, HA-DN18M, HA-DN26, HA-DN50, and HA-DN100) also showed decreased transactivation potential (Fig. 4F ). HA-DN18M, which contains a tryptophan 21 to alanine 21 mutation in the PHWP motif (amino acids [19] [20] [21] [22] , the most conserved sequence within the PWWP domain (30) , showed slightly less activity than HA-DN18, but the mean difference was not significant.
p38 Interferes with the Transactivation Potential of LEDGF/p75
The p38/HA-DN85 fragment seemed to be relatively stable in apoptotic cells and lacked the ability to transactivate Hsp27pr-Luc (Figs. 2-4 ). To determine whether this fragment might possess transcription repression properties, we examined its influence on the transactivation potential of LEDGF/p75 and p52. The p38/HA-DN85 construct was cotransfected in HCT116 cells with either HA-LEDGF/p75 or HA-p52 in the presence of the luciferase reporter plasmids. P38/HA-DN85 significantly repressed the transactivation potential of HA-LEDGF/p75 (P < 0.05) but not that of HA-p52 (Fig. 5A) . Although the p38/HA-DN85 construct was transfected at submaximal doses, it seemed to be highly stable because its protein expression was consistently higher than those of LEDGF/p75 and p52 (Fig. 5B) .
To determine if p38/HA-DN85 colocalized with both LEDGF/p75 and p52 in the chromatin, we examined their nuclear localization in U2OS cells. Nuclei from cells expressing used were HCT116 (colon carcinoma), U2OS (osteosarcoma), HepG2 (hepatocarcinoma), 293T (embryonic kidney), PrEC (normal prostate epithelium), PrSC (normal prostate stroma), DU145 (prostate carcinoma), PC3 (prostate adenocarcinoma), LnCAP (prostate carcinoma), BRF-41T (prostate adenocarcinoma), 22RV1 (prostate carcinoma), RWPE-2 (transformed normal prostate epithelial cell line, tumorigenic), PWR-1E (transformed normal epithelial cell line, nontumorigenic), RWPE-1 (transformed normal epithelial cell line, nontumorigenic), and BRF-55T (benign prostatic hyperplasia). Proteins in whole-cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and detected by chemiluminescence with a monoclonal antibody that recognizes both LEDGF/p75 and p52. Monoclonal antibody to h-actin was used as a loading control.
Antagonistic Roles of LEDGF Variants Mol Cancer Res 2008;6(8). August 2008
HcRed-p52 and p38/HA-DN85 displayed chromatin condensation and margination, whereas nuclei from cells expressing HcRed-p75 displayed normal morphology (Fig. 5C ). Consistent with its repression activity, p38/HA-DN85 colocalized with both HcRed-LEDGF/p75 and HcRed-p52 in the chromatin (Fig. 5D ).
The PWWP Domain of p52 Is Dispensable for Chromatin Association
The colocalization of p38/HA-DN85 with chromatin, despite lacking most of the PWWP domain (Fig. 5) , suggested that this domain might not be essential for the association of p52 with chromatin. To confirm this, the intracellular expression of the HA-p52 and its PWWP deletion mutants was examined by immunofluorescence microscopy. All the HA-p52 variants showed nuclear distribution and colocalized with chromatin, despite some of them having truncated PWWP domains (Fig. 6A ). To biochemically support this observation, we extracted soluble, nuclear, and chromatin fractions from cells overexpressing HA-p52 or its deletion mutants and examined them by immunoblotting the distribution of the individual proteins in the different fractions. HA-LEDGF/p75, HA-p52, and HA-DM were found predominantly in the chromatin fraction (Fig. 6B) . However, as increasing segments of the PWWP domain were deleted from p52, a portion of the truncated proteins accumulated in the soluble fractions (Fig. 6B) , suggesting that the PWWP domain may contribute but is not essential to chromatin association.
Transient Overexpression of p52 Induces CaspaseDependent Apoptosis
We noticed that many U2OS cells transiently overexpressing HA-p52, HA-DM, p38/HA-DN85, or the other PWWPtruncated mutants displayed characteristic features of apoptosis such as nuclear margination and partial nuclear fragmentation (Fig. 6A ). By contrast, most cells transfected with empty pCruz vector or overexpressing HA-LEDGF/p75 showed normal nuclear morphology. The nuclear apoptotic-like morphology was more pronounced in cells transiently overexpressing HcRed-p52, which exhibited rounding; detachment; and considerable nuclear condensation, margination, and fragmentation (Fig. 7A ). Approximately 80% of U2OS cells ectopically expressing HcRed-p52 displayed an apoptotic-like nuclear morphology, compared with 12% of cells expressing HcRed-LEDGF/p75 or 10% of cells transfected with empty pHcRed C1 vector (P < 0.001; Fig. 7B ). In the total cell population, f27% of cells transfected with pHcRed-p52 exhibited a nuclear apoptotic morphology, compared with 6% of total cells transfected with pHcRed-p75. Transfection efficiency, measured by the number of cells expressing the HcRed fusion proteins, was f30% using the Fugene 6 reagent, which was the method of choice for these experiments due to its minimal cytotoxicity (50) . These results were reproduced in HCT116 and HeLa cells (data not shown).
Cell survival, measured by reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, was significantly reduced in the total U2OS cell population transfected with pHcRed-p52, compared with cells transfected with empty pHcRed-C1 vector or pHcRed-LEDGF/p75 (P < 0.05; Fig. 7C ). This reduction was reversed by z-VAD-fmk (Fig. 7C) , suggesting that pHcRed-p52 -induced apoptosis was caspase dependent. Comparable results were obtained in control cells overexpressing the proapoptotic protein Bad (Fig. 7C) . To further confirm that HcRed-p52 -induced cell death was caspase dependent, we measured caspase activation in U2OS cells transiently transfected with HcRed-p52. Significant activation of caspase-3, caspase-8, and caspase-9 and abolition of caspase activity by z-VAD-fmk were observed (Fig. 8A) . Furthermore, immunoblotting of U2OS whole-cell lysates expressing FIGURE 3. Caspase-3 and caspase-7 cleave p52 at two sites in vitro to generate p48 and p38 fragments. A. In vitro translated biotinylated HA-p52 was incubated with 20 ng/mL of purified recombinant caspase-3, caspase-6, caspase-7, caspase-8, and caspase-9 for 2 h. HA-LEDGF/p75 was included as a positive control. Some experiments were done in the presence or absence of 10 Amol/L z-VAD-fmk or z-DEVD-fmk. Translated biotinylated proteins were separated by SDS-PAGE, transferred to nitrocellulose, and detected with HRP-streptavidin and enhanced chemiluminescence. B. In vitro translated biotinylated HA-p52 was treated with increasing concentrations of caspase-3 or with 20 ng/mL caspase-3 for the indicated times and analyzed as described above. C. Schematic representation of LEDGF/p75 and p52 showing their domain structure, the location of the putative caspase cleavage sites (DEVD 30 and WEID 85 ), and the p52 cleavage fragments (p48/DN30 and p38/DN85). CR, charged region; NLS, nuclear localization region, ATH, AT-hooks; IBD, integrase binding domain; CTT, COOH-terminal tail. D. In vitro translated HA-p52 and its mutants HA-DEVPA, HA-WEIA, and HA-DM were exposed to recombinant caspase-3 for 2 h and analyzed as described above. E. Comparison of the migration in SDS-PAGE of endogenous p52 and its cleavage products derived from control and apoptotic HCT116 cells (lanes 1 and 2 ) with the migration of intact and caspase-3 cleaved HA-p52 (lanes 3 and 4), HA-DN30 (lanes 5 and 6), and HA-DN85 (lanes 7 and 8). Lanes 1 and 2, endogenous proteins detected by immunoblotting with anti-p52 antibody; lanes 3 to 8, translated biotinylated proteins detected in blots with HRP-streptavidin. Lanes 1 to 6 are from the same blot, whereas lanes 7 and 8 are from a blot done in parallel under identical conditions. F. Immunoblot, using an anti-HA antibody, of translated HA-tagged proteins incubated with and without caspase-3. 8B ). There was also an increase in the amount of HcRed protein, likely resulting from its removal from p52 by caspase-3 cleavage at the PWWP domain (Fig. 8B ). HcRed-p52 -induced caspase processing and activation and nuclear substrate and its PWWP deletion constructs used in luciferase-based reporter assays. The numbered DN constructs indicate the total amino acids deleted from the NH 2 terminus of p52. Numbers above the constructs indicate amino acid positions. B. HA-p52 and its PWWP deletion constructs were in vitro translated and biotinylated, separated by SDS-PAGE, transferred to nitrocellulose, and detected with HRP-streptavidin and enhanced chemiluminescence. C. HCT116 cells were cotransfected with pCruzHA (empty vector or encoding LEDGF/p75 or p52) and pGL3 luciferase reporter vector (with or without the Hsp27 promoter region) and cultured for 48 h. Cells were then lysed and assayed to determine luciferase activity or analyzed by immunoblotting with rabbit anti-HA antibody.
D. HCT116 cells were transfected with pCruzHA (empty vector or encoding LEDGF/p75 or p52) and reverse transcription-PCR analysis was carried out after 48 h using a PCR primer pair specific for the human HSP27 gene. The Cofilin gene was amplified as a control. E. HCT116 cells were cotransfected with pCruzHA (empty vector or encoding p52, its caspase cleavage fragments p48/DN30 and p38/DN85, or its cleavage resistant mutants DEVPA, WEIA, and DM) and pGL3 luciferase reporter vector with the Hsp27 promoter region and assayed for luciferase activity and immunoblotting. F. HCT116 cells were cotransfected with pCruzHA (empty vector or encoding p52 and its PWWP deletion mutant DN18, DN18M, DN26, DN50, or DN100) and pGL3 luciferase reporter vector with the Hsp27 promoter region and assayed for luciferase activity and immunoblotting. Fold activation of luciferase activity was determined as described in Materials and Methods. Corresponding Western blots showing the expression of the different HA fusion proteins after 48-h transfection are included in C, E, and F. Columns, mean of three independent experiments done in triplicate; bars, SD. *, P < 0.05, compared with fold activation generated by cotransfection of pGL3-Hsp27pr -Luc and empty pCruz vector (one-way ANOVA, GraphPad Prism).
cleavage were not as dramatic as those triggered by overexpression of p53 or treatment with tumor necrosis factor (TNF) or staurosporine ( Fig. 8A and B) . This might be due to the relatively low transfection efficiency (<30%) attained when using pHcRed plasmids. Lamin B and poly(ADP-ribose) polymerase cleavages were not observed in cells transfected with empty pHcRed vector or pHcRed-LEDGF/p75 (Fig. 8C) .
The COOH-Terminal Tail Contributes to p52 Apoptotic Activity but not to Its Transactivation Potential The observation that transient overexpression of p52 and its PWWP-truncated variants induced a nuclear apoptotic morphology suggested that the PWWP domain is dispensable for proapoptotic activity. However, because all the p52 constructs retained the intron-derived COOH-terminal tail, we investigated whether this sequence might contribute to proapoptotic activity and transactivation potential. For these experiments, we generated an HcRed-p52DC construct lacking the COOHterminal tail (Fig. 9A) . We observed that HcRed-p52DC transactivated Hsp27pr-Luc at levels comparable with those of HcRed-p52 and HcRed-LEDGF/p75 (P < 0.05; Fig. 9B ), suggesting that the COOH-terminal tail is not required for transactivation potential. To determine if the COOH-terminal tail is required for proapoptotic activity, we counted nuclei with highly condensed, fragmented, or marginated chromatin in U2OS and prostate adenocarcinoma cell lines transiently transfected with empty pHcRed-C1 vector, pHcRed-LEDGF/p75, pHcRedp52, or pHcRed-p52DC. Consistent with the results presented in Fig. 7 , f80% of U2OS cells expressing HcRed-p52 displayed an apoptotic-like nuclear morphology (P < 0.001; Fig. 9C ). In contrast, f30% of cells expressing HcRed-p52DC and <20% of cells transfected with empty vector or pHcRed-LEDGF/p75 displayed a nuclear apoptotic morphology (P < 0.05). Comparable results were obtained in the prostate cancer cell lines PC3 and 22rv1, although the percentage of apoptotic nuclei was between 50% and 60% ( Fig. 9D and data not shown) . These results suggested differential sensitivity to the proapoptotic activity of transiently overexpressed p52 among various cell lines, and that the COOH-terminal tail might contribute to this activity.
Discussion
This study was undertaken as part of our efforts to delineate mechanisms by which alternative splicing and caspase cleavage of LEDGF modulate tumor cell death and survival under stress. Our data suggest that p52, a short splice variant of LEDGF/p75, is cleaved during apoptosis by caspase-3 at the DEVPD 30 site to generate a p48 fragment, which is subsequently cleaved at the WEID 85 site to generate a stable p38 fragment lacking the PWWP domain. The p48 fragment did not seem to accumulate in apoptotic cells, perhaps due to its rapid cleavage into p38 or the inaccessibility of the DEVPD 30 site to caspases in vivo. Alternatively, our electrophoretic conditions were not conducive to optimal resolution of endogenous p52 from p48.
The DEVPD 30 and WEID 85 cleavage sites are conserved in the PWWP domains of LEDGF/p75 and p52 but absent in other PWWP-containing proteins (30) . Disruption of the PWWP domain abrogated the ability of p52 to transactivate Hsp27pr in reporter assays, suggesting that this domain is essential for p52 transcription function. By contrast, Singh et al. (46) reported that deletion of NH 2 -terminal amino acids 1 to 198 of LEDGF/p75 significantly enhanced transactivation of Hsp27pr, suggesting that the PWWP domain of this protein may have transcription repression function. Consistent with this report, we observed that truncation of the PWWP domain of LEDGF/p75 increased transactivation of Hsp27pr (51). It should be noted that NUP98-LEDGF fusion proteins involving both p75 and p52, which result from chromosomal translocations in leukemias, lack the PWWP domain because the fusion point is at amino acid position 153 (26, 33) . This would result in transcriptionally hyperactive NUP98-p75 but transcriptionally inactive NUP98-p52, potentially providing a survival advantage to leukemic cells. Interestingly, the PWWP domain of the histone methyltransferase WHISTLE was recently implicated in its transcription repression and proapoptotic activities (52) . Our data suggest that the p52 PWWP domain is required for transcription function, although we cannot rule out that it may be involved in transcriptional repression.
Our results also suggested that the PWWP domain of p52 is dispensable for chromatin association. Although this would be consistent with reports indicating that the association of LEDGF/p75 with chromatin is mediated primarily by structural elements downstream of the PWWP domain, particularly AT-hooks (41, 42), a recent study revealed that this domain is required for LEDGF/p75 binding to nucleosomes in vitro (53). Retention of AT-hooks in p38 may facilitate its association with chromatin, where it might act as a specific transcription repressor, conceivably by competing with LEDGF/p75 for chromatin binding sites or preventing its interactions with specific transcription factors. This would be consistent with evidence that caspase-mediated cleavage of certain transcription factors generates dominant-interfering fragments with DNAbinding activities but lacking transactivation potential (54) (55) (56) .
Whereas LEDGF/p75 is known to transactivate specific stress genes (9, (13) (14) (15) (16) , the target genes of p52 are unknown. We observed that ectopic expression of p52 induced Hsp27 mRNA expression and transactivated Hsp27pr-Luc, most likely through binding of its NH 2 -terminal portion (amino acids 1-187) to STRE in this promoter, as reported for LEDGF/p75 (46) . Preliminary gel shift assays using nuclear extracts indicated binding of both p75 and p52 to STRE consensus sequences (A/TGGGG/T) in Hsp27pr, but these results await to be confirmed by supershift assays and other additional carefully controlled experiments (data not shown). It should be emphasized that if additional experiments confirm a role for the PWWP domain in consensus sequence binding, this would not be a major contributor to p52 chromatin binding function. It remains to be established whether Hsp27 is a true target gene of p52 or its transactivation by p52 is an indirect or relatively nonspecific event that occurs within the context of general mRNA transcription. It is also plausible that p52-induced caspase-3 activation might lead to disruption of the PWWP domain of LEDGF/p75 by cleavage at the DEVPD 30 site (30), resulting in enhanced Hsp27pr transactivation by PWWP-truncated LEDGF/p75 (46, 51) .
The transient overexpression of p52 and its PWWPtruncated mutants induced features of apoptosis in U2OS and other cell lines. Whereas cells overexpressing HA-p52 exhibited chromatin margination with moderate nuclear fragmentation, cells expressing HcRed-p52 exhibited a pronounced nuclear apoptotic morphology. A possible explanation for these differences could be that the HA tag was removed from p52 early during apoptosis by caspase cleavage at the DEVPD 30 site, preventing the visualization of HA-p52 -stained nuclei with pronounced apoptotic morphology. During apoptosis, the HA tag is cleaved by caspases, resulting in the loss of immunoreactivity (57) . This would be consistent with the results shown in Fig. 3E and F. A previous study showed that cells overexpressing green fluorescent protein (GFP)-p52 displayed intense nuclear fluorescence, rough or deformed nuclear morphology, multiple small nuclei, and loss from the cell population in culture (58) . These features are consistent with apoptotic cell death. By contrast, cells overexpressing GFP-p75 survived well and displayed normal nuclear morphology (58), consistent with our results. It cannot be ruled out, however, that the presence of a tag (HA, HcRed, or GFP) induces p52, but not LEDGF/p75, to behave as a proapoptotic protein. During the preparation of this article, Huang et al. (33) reported up-regulation of both LEDGF/p75 and p52 in chemoresistant acute myelocytic leukemia blasts, with LEDGF/p75 being the most consistently up-regulated mRNA. Interestingly, these investigators identified splice variants of p52 displaying proapoptotic and antiapoptotic effects. However, they did not examine the proapoptotic or antiapoptotic effects of the p52 isoform (amino acids 1-333) used in our study.
The proapoptotic effects of overexpressed p52 seem to be independent of its transcriptional activity, given that ectopic expression of p38/HA-DN85 and other PWWP C. Percentage of surviving cells transiently expressing p52. U2OS cells were transfected as in A. An additional plasmid encoding the proapoptotic protein Bad (pcDNA-FLAG-Bad) was used as a positive control for cell death induction. Cells were also pretreated for 1 h with the pancaspase inhibitor z-VAD-fmk before transfection with pHcRed-p52 and pcDNA-FLAG-Bad. Forty-eight hours posttransfection, cell survival was determined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The 450-nm absorbance values were normalized to the values for untransfected cells, which were assumed to be 100% viable. Columns, mean of three independent experiments done in triplicate; bars, SD. *, P < 0.05, compared with empty pHcRed vector (one-way ANOVA, GraphPad Prism).
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Mol Cancer Res 2008;6(8). August 2008 deletion mutants also induced apoptotic nuclear morphology. It cannot be ruled out, however, that under stress conditions p52 might transactivate proapoptotic genes or repress survival genes, leading to caspase activation and consequently inducing its own cleavage, as well as that of LEDGF/p75, into proapoptotic dominant-interfering fragments that amplify the cell death process. This would be consistent with our previous observation that stable overexpression of a p65 caspase cleavage fragment of LEDGF/p75 with disrupted PWWP domain and COOH terminus in HepG2 tumor cells did not affect viability under normal growth conditions but sensitized cells to serum starvation -induced death, which is known to be mediated by oxidative stress (30, 59) .
The retention of intronic sequences during alternative splicing is also known to contribute to functional diversity among spliced variants (60) . Our data suggest that the intron-derived COOH-terminal tail sequence (amino acids 326-333) in p52, retained in all the PWWP deletion mutants, may contribute to its proapoptotic properties but is not essential because its deletion failed to completely reduce the number of transfected cells with apoptotic nuclei. The mechanism by which the COOH-terminal tail may contribute to the proapoptotic function of p52 remains to be elucidated.
It is tempting to speculate that LEDGF splice variants may play multiple roles depending on the cell type and environment. Some of these variants may function as general transcription coactivators under normal growth conditions, in which their prosurvival or proapoptotic functions are kept in check by strict compartmentalization or by the level and type of posttranslational modifications. However, under increased oxidative stress conditions, such as those found in many tumors, these variants may FIGURE 8. Ectopic expression of p52, but not LEDGF/p75, induces caspase activation and cleavage of prototype caspase-3 substrates. A. U2OS cells were transiently transfected for 48 h with empty pHcRed vector (vec ), pHcRed-LEDGF/p75, pHcRed-p52, or the positive control plasmids pcDNA-FLAG-Bad and pcDNA-3p-p53. Treatment with TNF was also used as a control for caspase activation. Cells were also pretreated with z-VADfmk before transfection. Fortyeight hours after transfection, caspase activity was assayed and fold activation determined as described in Materials and Methods. Columns, mean of at least three independent experiments done in triplicate; bars, SD. *, P < 0.05, compared with empty pHcRed vector (one-way ANOVA, GraphPad Prism). B. U2OS cells were transiently transfected for up to 60 h with pHcRed-p52. Whole-cell lysates were analyzed by SDS-PAGE and immunoblotting with antibodies to HcRed, poly(ADP-ribose) polymerase, lamin B, caspase-3, caspase-8, and h-actin. C. U2OS cells were transiently transfected for 48 h with pHcRed-LEDGF/p75, pHcRed-p52, or empty pHcRed vector. Wholecell lysates were analyzed by SDS-PAGE and immunoblotting with antibodies to poly (ADP-ribose) polymerase, lamin B, and h-actin. Lines, intact proteins; arrows, cleavage fragments.
antagonize each other, perhaps by competing for promoter regions or interactions with transcription factors. Their relative expression ratio might also determine whether the tumor cell response to stress shifts toward survival or death. It should be emphasized that most cancer cell lines examined in this study expressed a high p75/p52 ratio, consistent with the findings of Huang et al. (33) in leukemic cells. Whereas LEDGF/p75 is overexpressed in human cancers (30) (31) (32) (33) , its proapoptotic splice variants might be down-regulated, thus providing a survival advantage in the presence of oxidative stress or chemotherapeutic drugs. Unbalanced expression of splice isoforms in tumor cells could be caused by mutations in cis-acting splicing elements or by environment-driven changes in the activity of splicing proteins, which may affect tumor development and progression (60) (61) (62) .
Understanding the role of LEDGF splice variants in the regulation of tumor cell death and survival under stress, combined with modulation of their expression in human tumors, may lead to novel strategies to circumvent tumor chemoresistance. Any enhancement of therapy-induced survival time will have a profound and positive effect on the lives of cancer patients and may also translate into a reduction of racial/ ethnic disparities in cancer mortality.
Materials and Methods
Cells, Antibodies, and Reagents HCT116, U2OS, HepG2, HeLa, and Jurkat cell lines were purchased from American Type Culture Collection. The 293T cell line was purchased from Orbigen. Cells were routinely maintained in either McCoy's 5A medium, DMEM, or RPMI 1640, supplemented with 10% fetal bovine serum (Omega Scientific), 1.5 mmol/L L-glutamine (Cellgro), and penicillin/ streptomycin or gentamicin (Cellgro). The prostate cell lines were previously described and cultured as indicated (29) . All cell lines were maintained in the presence of 5% CO 2 at 37jC.
The following antibodies were used in this study: mouse monoclonals anti-LEDGF/p75 and p52 (BD Biosciences), anti -h-actin (Sigma), anti -poly(ADP-ribose) polymerase (R&D Systems), anti -caspase-3 (PharMingen), and anticaspase-8 (Alexis); rabbit polyclonals anti-HA (Santa Cruz Biotechnology) and anti-HcRed (Clontech); goat anti -lamin B (Santa Cruz Biotechnology), Alexa Flour 488 -conjugated goat anti-rabbit IgG (Molecular Probes), and rat monoclonal horseradish peroxidase (HRP) -conjugated anti-HA antibody (Roche Diagnostics). All other HRP-conjugated secondary antibodies were from Zymed. Rabbit anti-p52 antibody was raised against a synthetic 15-mer peptide containing the COOH-terminal tail (amino acids 318-333; Biosource International). Human autoantibodies to LEDGF/p75, topoisomerase I, and upstream binding factor were a kind gift from Dr. Eng M. Tan (Scripps Research Institute, La Jolla, CA). Human TNF-a, etoposide, cycloheximide, and 4 ¶,6-diamidino-2-phenylindole were from Sigma-Aldrich. Hoechst 33342 was from Molecular Probes. Staurosporine and the caspase substrates Asp-Glu-ValAsp-7-amino-4-methyl coumarin (DEVD-AMC), Ile-GluThr-Asp-AMC (IETD-AMC), and Leu-Glu-His-Asp-AMC (LEHD-AMC) were from Alexis. z-VAD-fmk was from Biomol International and z-DEVD-fmk was from Enzyme Systems Products. Purified caspases were from PharMingen.
Apoptosis Assays
Apoptosis was induced in HCT116 cells with 10 ng/mL TNF-a in combination with 20 Amol/L cycloheximide. HCT116 cells were also preincubated with either 100 Amol/L z-VAD-fmk or z-DEVD-fmk for 1 h before exposure to TNF-a. Apoptosis was induced in HeLa and Jurkat cells with 2 Amol/L staurosporine and 150 Amol/L etoposide, respectively. In some experiments, cells were transiently transfected with the appropriate expression plasmids using Fugene 6 (Roche Diagnostics) or Amaxa Nucleofection (Amaxa, Inc.). The medium was removed 24 h posttransfection to discard cells killed during the transfection procedure; at 36 to 48 h posttransfection, cells were visualized under fluorescence microscopy, processed for determination of caspase activity or viability, or processed for SDS-PAGE (NuPAGE 4-12%, Invitrogen) and immunoblotting analysis. For quantification of apoptotic nuclei, cells were cultured in 35-mm dishes to f60% to 70% confluency and transfected with plasmids encoding HcRed-fusion proteins. Thirty six to 48 h posttransfection, cells were counterstained with Hoechst 33342 and visualized directly using a 60Â water immersion objective under an Olympus BX50 epifluorescence microscope (Scientific Instruments) equipped with a digital SPOT camera system (Diagnostic Instruments). Nuclei of cells expressing HcRed-tagged proteins that exhibited marked chromatin condensation, margination, or fragmentation were counted as apoptotic. Approximately 200 nuclei distributed in >10 different fields were counted in at least four independent double-blind experiments.
One-step cellular caspase activity assays were done in transfected cells cultured in 96-well plates in the presence of the appropriate caspase substrate, as previously described (63) . Cell survival was determined using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (SigmaAldrich). All immunoblotting studies were done as previously described (30) .
Immunofluorescence Microscopy
Cells seeded on coverslips and transfected with pCruzHA plasmids were fixed for 15 min at room temperature with 3.7% paraformaldehyde and permeabilized in PBS-0.2% Triton X-100 for 5 min. Coverslips were then incubated with rabbit anti-HA antibody for 2 h. Following three washes with PBS, cells were incubated with Alexa 488 goat antirabbit for 1 h, washed with PBS, mounted on glass slide with Vectashield Mounting Medium containing 4 ¶,6-diamidino-2-phenylindole, and examined under a fluorescence microscope.
Reverse Transcription-PCR
Total RNA from HCT116 cells was isolated 48 h after transfection with pCruzHA empty vector, pCruzHA-p75, or pCruzHA-p52 using Fugene 6 (Roche Diagnostics). cDNA was synthesized using the Invitrogen SuperScript III first-strand cDNA synthesis system. Hsp27 forward primer (5 ¶-GAGAT-CACCGGCAAGCACGAG-3 ¶) and Hsp27 reverse primer (5 ¶-CGGCAGTCTCATCGGATTTTGC-3 ¶) were used to amplify Hsp-27 PCR products (255 bp). Cofilin 1 (CFL1) forward primer (5 ¶-CCTTCCCAAACTGCTTTTGAT-3 ¶) and CFL1 reverse primer (5 ¶-CTGGTCCTGCTTCCATGAGTA-3 ¶) were used to amplify cofilin PCR products (287 bp). Briefly, cDNA was added into a 50-AL reaction mixture containing 12.5 AL of PCR master mix and 500 nmol/L of primers. Reverse transcription was carried out at 50jC for 50 min, followed by incubation with RNase H at 37jC for 20 min. The PCR parameters were preheating at 94jC for 2 min, followed by 35 cycles of 94jC for 30 s, 57jC for 1 min 30 s, and 72jC for 1 min 30 s. Final elongation was at 72jC for 10 min. PCR reactions were separated on a 1.5% agarose gel and PCR products were visualized under UV light after ethidium bromide staining. Images were obtained using the Alpha Innotech imaging system.
Plasmid Constructs
A cDNA encoding p52 was amplified by PCR using pET28a-ledgf/p75 template DNA (30) and the primers 5 ¶-CGGAATT-CATCACTCGCGATTTCAAACCTGGAG-3 ¶ (forward) and 5 ¶-GCAGATCTTACTGTAGATTACATGTTGTTTGGTGCT-CAG-3 ¶ (reverse). The amplified fragment was ligated directly into the EcoRI-BglII sites of the pCruzHA mammalian expression vector (Santa Cruz Biotech). The LEDGF/p75 cDNA was subcloned from a pcDNA3.1-ledgf/p75 construct (30) into pCruzHA using EcoRI-NotI digestion. The cDNAs encoding NH 2 -terminal truncated p52 mutants were generated by PCR using a pET28a-ledgf/p75 template DNA; the p52 r ev e r s e p r i m er 5 ¶-G C AG AT C T TA C T GTA G AT TA -CATGTTGTTTGGTGCTCAG-3 ¶; and the following forward primers: 5 ¶DN18, 5 ¶-ACCCCATTGGCCAGCTCGAGTA-3 ¶; 5 ¶DN18M, 5 ¶-ACCACATGCGCCAGCTCGAGTA-3 ¶; 5 ¶DN26, 5 ¶-GCCGGGGATATCGAAGTTCCTGATGGAGCTG-TAAAG-3 ¶; 5 ¶DN30, 5 ¶-AGGAGCTGTAAAGCCACCCA-CAAAC-3; 5 ¶DN50, 5 ¶-AGCTTTTTTAGGACCAAAG-3 ¶; 5 ¶DN85, 5 ¶-AAACAATCCAAAAGTGAAATTCTCAAGC-CAACAG-3 ¶; and 5 ¶DN100, 5 ¶-ACAATCAAATGCATCATCT-GATG-3 ¶. PCR products corresponding to truncated fragments of p52 were subcloned into the EcoRV/HpaI site of pCruzHA. The pGL3-Hsp27pr-Luc promoter construct was obtained by removing the Hsp27 promoter region from a pGL2-Luc construct followed by ligation into the pGL3-Luc reporter vector using SmaI-BglII digestion. The plasmids pcDNA-FLAG-Bad and pcDNA-3p-p53 were a kind gift from Dr. Marina Zemskova (Loma Linda University, Loma Linda, CA).
Site-Directed Mutagenesis
Multiple rounds of PCR-based mutagenesis were done using the QuickChange Site-Directed Mutagenesis Kit (Stratagene) to substitute aspartic acids to alanines in the putative cleavage sites of p52. The pCruzHA-p52 construct was used as a template and the following primers were used to generate the HA-DEVPA and HA-WEIA constructs: 5 ¶-CCCCATTGGCCAGCTCGAG-TAGACGAAGTTCCTGCGGGAGCTGTAAAGCCACCCA-CAAACAAACTACCC-3 ¶ (5 ¶DEVPA, forward), 5 ¶-GGGTAG-TTTGTTTGTGGGTGGCTTTACAGCTCCCGCAGGA-ACTTCGTCTACTCGAGCGGCCAATGGGG-3 ¶ (3 ¶DEVPA, reverse), 5 ¶-GGCAAACCAAATAAAAGAAAAGGTTTTAAT-GAAGGTTTATGGGAGGCGGCGGGCGGCCCAAAGT-GAAATTTTCAAGTCAACAGGCAGC-3 ¶ (5 ¶WEIA, forward), and 5 ¶-GCTGCCTGTTGACTTGAAAATTTCACTT-TTGGGCCGCCCGCCGCCTCCCATAAACCTTCATTA-AAACCTTTTCTTTTATTTGGTTTGCC-3 ¶ (3 ¶WEIA, reverse). For the generation of the pCruzHA-p52DM construct, the pCruzHA-p52WEIA template and the p52DEVPA primer pairs were used. The pHcRed-p52DC construct was generated by inserting a stop codon at amino acid position 326 within the p52 nucleotide sequence. For this, pHcRed-p52 was used as template with the following primers: 5 ¶-CGCAAGCAAG-AGGAACAAATGGAAACTGAGTAGCAAGCAACGCG-CAATCTACAGTAAGATCTAGAGGGCCC-3 (forward) and 5 ¶-GGGCCCTCTAGATCTTACTGTAGATTGCGCGTTG-CTTGCTACTCAGTTTCCATTTGTTCCTCTTGCTTGCG-3 ¶ (reverse).
In vitro Transcription/Translation cDNAs were transcribed and translated in vitro using the TNT T7 Coupled Reticulocyte Lysate System and Transcend Non-Radioactive Translation Detection System (Promega) at 30jC for 90 min as indicated previously (30) . Using these systems, biotinylated lysine was added to the transcription-translation reaction as a precharged epsilonlabeled biotinylated lysine-tRNA complex (provided by the manufacturer). Biotinylated translated proteins were incubated with caspase cleavage buffer [100 mmol/L NaCl, 20 mmol/L PIPES (pH 7.2), 1 mmol/L EDTA, 10% sucrose, 0.1% CHAPS, 100 mmol/L DTT] with or without purified caspases. Biotinylated translated proteins were separated by SDS-PAGE, transferred to nitrocellulose, and detected with HRP-streptavidin and enhanced chemiluminescence (Perkin-Elmer).
Luciferase-Based Transcription Reporter Assays
HCT116 or U2OS cells were cotransfected with plasmid constructs encoding the proteins of interest and pGL3 basic luciferase reporter plasmids, with or without the Hsp27pr.
At 48 h posttransfection, cells were lysed in reporter lysis buffer and luciferase assays were done using the Luciferase Assay System (Promega). The assays were done in opaque luminometer-compatible microplates and relative light units were obtained in a MicroLumatPlus Lb 96V luminometer (Berthold Tech). Luciferase values were normalized to the amount of protein in each sample, and fold induction was calculated by normalizing to the luciferase activity in lysates from cells cotransfected with the empty vectors (pCruzHA, pcDNA3.1+, or pHcRed) and pGL3-Hsp27pr-Luc or pGL3-Luc.
Chromatin Fractionation
Chromatin fractionation was done essentially as described previously (64) . Briefly, cells transiently transfected with different plasmid constructs were collected after trypsinization, washed twice with PBS (2 min, 1,700 Â g, 4jC), and resuspended in 200 AL of buffer A [10 mmol/L HEPES (pH 7.9), 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 0.34 mol/L sucrose, 10% glycerol, 1 mmol/L DTT, 0.5 Ag/mL of pepstatin A, and protease inhibitor cocktail]. This cell suspension was treated with Triton X-100 (0.1% final concentration) and incubated on ice for 8 min; the nuclei were collected by centrifugation (5 min, 1,300 Â g, 4jC). The supernatant was further centrifuged (5 min, 20,000 Â g, 4jC) and the resulting supernatant, called soluble fraction, was collected. The nuclear fraction was washed once in 200-AL buffer A and lysed for 30 min in 100-AL buffer B (3 mmol/L EDTA, 0.2 mmol/L EGTA, 1 mmol/L DTT, 0.5 Ag/mL of pepstatin A, and protease inhibitor cocktail). The insoluble chromatin fraction was collected by centrifugation (5 min, 1,700 Â g , 4jC) and washed once with buffer B. Fractions were mixed with SDS sample buffer and boiled for 10 min. Proteins were then separated by SDS-PAGE and analyzed by immunoblotting.
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